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The field of quantum computing has grown fast in recent years, both in theoretical developments
and the practical construction of quantum computers. These computers were initially proposed,
among other reasons, to efficiently simulate and comprehend the complexities of quantum physics.
In this paper, we address this need by utilizing a scheme presented in previous works for the
exact simulation of the 1-D XY model on a quantum computer. Using the Qibo framework, we
successfully diagonalize the proposed Hamiltonian, enabling access to the complete energy spectrum.
Furthermore, we propose a novel approach to design a quantum circuit to perform exact time
evolution. Among all the possibilities the circuit could offer, we compute the ground and first
excited state energies for the symmetric XY model with spin chains of n = 4 and n = 8 spins.
Further, we calculate the expected value of transverse magnetization for the ground state in the
transverse Ising model. Both studies allow the observation of a quantum phase transition from an
antiferromagnetic to a paramagnetic state. Additionally, we have simulated the time evolution of
the state all spins up in the transverse Ising model. The scalability and high performance of the
algorithm make it an ideal candidate for benchmarking purposes, while also laying the foundation
for simulating other integrable models on quantum computers.

I. INTRODUCTION

In the first decade of the XXI century, we witnessed
an explosion of the quantum computing field driven by
the incredible potential that quantum computing exhibits
to solve some intractable classical problems [1]. Among
these challenges, one of the enduring objectives of quan-
tum computing is the simulation of quantum systems.
Although several classical strategies exist for simulating
such systems [2, 3], they often prove to be inefficient
when dealing with complex quantum systems. Conse-
quently, the simulation of these systems demands alterna-
tive methods for efficient execution. Quantum computers
emerge as a promising solution to supply this demand.
Due to their quantum essence, the simulation of strongly
correlated systems is the natural arena where quantum
computers are expected to show a clear advantage over
classical ones, as Feynman stated in [4].

Despite having undergone considerable development
during the last decade, quantum computing is still in an
early stage. The current state of quantum computing is
known as the Noisy Intermediate-Scale Quantum (NISQ)
era [5], which has been characterized by constrained-
size quantum processors (containing 50-100 qubits) with
imperfect control over them (i.e. they are sensitive to
their environment and prone to quantum decoherence
and other sources of errors). In this context, it has be-
come essential to have methods that allow companies and
researchers to test the efficiency of their new devices or
compare them. However, due to the limited number of
qubits and the high error rate, finding proper algorithms

for NISQ devices has become a difficult task. These al-
gorithms need to be easy to escalate with the number of
qubits and present a feasible circuit depth to avoid the
large accumulation of noise.

This paper presents a circuit specifically designed for
the NISQ era, offering the capability to explore intrigu-
ing phenomena such as quantum phase transitions. Our
work consists in implementing a quantum circuit that
performs the exact simulation of a one-dimensional (1-
D) spin chain with an XY -type interaction. We pro-
grammed a set of Python libraries that allows the imple-
mentation of the circuit for systems with a power of 2
number of qubits using Qibo [6], an open-source frame-
work for quantum computing. Qibo is the native lan-
guage of the Barcelona Supercomputing Center quantum
computer, which will allow the users to directly test this
algorithm with real machines. The foundation of our
work is based on Ref.[7, 8], where the steps followed to
design the quantum circuit rest upon tracing and imple-
menting the well-known transformations that solve the
model analytically [9]. As a result, this technique can ac-
cess the whole energy spectrum, enabling us to simulate
any excited or thermal state and its dynamical evolution.
In addition, this framework can be easily extended to
other integrable models, including the Kitaev-honeycomb
model [10], or to systems whose effective low-energy be-
havior can be suitably described by quasi-particles.

This paper is organized as follows: In Sec.II we de-
scribe the characteristics of the XY model and solve it
analytically. Moving to Sec.III, we revisit the method
introduced in Ref.[8] to construct an efficient circuit that
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diagonalizes the XY Hamiltonian. Then, we present the
circuit employed for simulating spin chains of n = 4 and
n = 8 qubits. In Sec.V, we design a quantum circuit tai-
lored for exact time evolution. Our simulations, utilizing
the proposed quantum circuit, are detailed in Section VI.
Finally, the conclusions are exposed in Sec.VII.

II. THE 1-D XY MODEL

The XY model is derived from the Heisenberg model
[11] by introducing an easy-plane anisotropy. Those mod-
els are vastly used to study critical points and phase tran-
sitions of magnetic systems within the condensed matter
field. Moreover, the XY model stands out for exhibiting a
quantum phase transition between an antiferromagnetic
state to a paramagnetic state. The 1 −D XY Hamilto-
nian, considering the specific bound condition used for
this system, can be written as

HXY = J

(
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i=1

1 + γ

2
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i σ
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i+1 +
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where n is the number of spins in the 1-D spin chain, σi
j

with i = x, y, z is the Pauli matrix acting on the site j,
J determines the behavior of the ordered phase (ferro-
magnetic for J < 0 and antiferromagnetic J > 0) γ is
the anisotropic parameter and λ represents the strength
of the transverse magnetic field.

The first two terms correspond to the 1−D XY Hamil-
tonian, whereas the last two terms appear due to bound-
ary conditions. These boundary terms can be substituted
with the conventional periodic terms σx

nσ
x
1 and σy

nσ
y
1 for

states with an even number of spins pointing up, and
the same terms with a negative sign for states with an
odd number of spins pointing up. They arise as a conse-
quence of imposing periodic boundary conditions on the
fermionic modes and, subsequently, mapping them into
spin operators. In the thermodynamic limit, the bound-
ary conditions do not play any role and our Hamiltonian
recovers the same results as in the 1-D XY case. For a
deeper knowledge of boundary conditions and their ef-
fects in the XY model, see Ref.[12].

A. Jordan-Wigner transformation

Generally, quantum spin objects are notoriously diffi-
cult to deal with in many-body physics because they nei-
ther fulfill fermionic nor bosonic algebra. For this reason,
the first step to diagonalize XY Hamiltonian consists in
applying the Jordan-Wigner transformation [13], which

maps the spin operators σ into spinless fermionic modes
c:

σ+
i = c†i

(
i−1∏
l=1

−σz
l

)
, σ−

i =

(
i−1∏
l=1

−σz
l

)
ci, (2)

where σ+(−) are the spin ladder operators. The new

operators c†i and ci are the spinless fermionic creation
and annihilation operators, respectively. Hence, both op-

erators follow the anticommutation rules {ci, c†j} = δij

and {ci, cj} = {c†i , c
†
j} = 0. After applying the Jordan-

Wigner transformation, the Hamiltonian becomes

Hc = J

n∑
i=1

c†i ci+1 + c†i+1ci + γ
(
c†i c

†
i+1 + ci+1ci

)
+

+ λ

n∑
i=1

(2c†i ci − 1). (3)

B. Fourier Transform

The next step to diagonalize the Hamiltonian is apply-
ing the Fourier transform to pass from position to mo-
mentum space. In the second quantization, the Fourier
transform is defined as:

cj =
1√
N

n
2∑

k=−n
2 +1

bke
i 2πkj

n , c†j =
1√
N

n
2∑
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b†ke
−i 2πkj

n ,

(4)

where b†k and bk are the creation and annihilation opera-
tors of the fermionic Fourier modes. The discrete k values
are determined establishing the translational invariance
of the system. Once this transformation is applied, the
Hamiltonian reads

HFT =

n
2∑

k=−n
2 +1

2

(
λ+ J cos

(
2πk

n

))
b†kbk

+ iJγ sin

(
2πk

n

)(
b†kb

†
−k + bkb−k

)
− λn. (5)

It is noteworthy, at this point, that we have gone from
an initial Hamiltonian, in which each fermion engages
with the others by first neighborhood interaction, to one
where only fermions with opposite momentum k interact
between them.

C. Bogoliubov transformation

The final step to achieve a full disentanglement of the
XY Hamiltonian corresponds to finding a transformation
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that mixes k and −k modes. This is implemented by the
Bogoliubov transformations

ak = ukbk + vkb
†
−k, a−k = u−kb−k + v−kb

†
k,

a†k = u∗kb
†
k + v∗kb−k, a†−k = u∗−kb

†
−k + v∗−kbk.

(6)

The coefficients uk(−k) and vk(−k) are attained by enforc-
ing fermionic anticommutation relationships in the new
operators and imposing the vanishing of non-diagonal
terms in Eq.(5). Further development of intermediate
steps can be found in Ref.[10]. Accordingly, the new

fermionic operators ak and a†k are

ak = cos

(
θk
2

)
bk + i sin

(
θk
2

)
b†−k,

a†k = cos

(
θk
2

)
b†k − i sin

(
θk
2

)
b−k.

(7)

The angle θk corresponds to tan (θk) =
Jγ sin( 2πk

n )
λ+J cos( 2πk

n )
.

Finally, the diagonal Hamiltonian has the form
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2πk
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))2
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(9)
Here, Ek are the energies related to having one fermion
in the Bogoulibov mode k or −k.

III. QUANTUM CIRCUIT TO DIAGONALIZE
THE XY MODEL

In this section, we procure a circuit Udis that trans-
forms a given Hamiltonian H into a non-interacting one
H̄. Then, we can easily obtain all the eigenstates and
a superposition of them in the spin basis by preparing

a computational product state and applying U†
dis. Even

though constructing these disentangling circuits Udis is
challenging, we can try to map each step into a quantum
gate for models that present analytical solutions.

For the case it concerns us, the XY Hamiltonian needs
three gates: i) Jordan-Wigner transformation gate, ii)
Fourier transform gate, iii) Bogoliubov transformation
gate. In the end, the disentangling circuit will exhibit
the structure

Udis = UBog.UFTUJW . (10)

It is key to bear in mind that there is a gap between
the gates that can be applied theoretically in a quantum

computer and the gates that we currently know how to
implement in real devices. Therefore, all gates must be
decomposed into basic gates that can be implemented
experimentally by quantum computers. For some cases,
there are analytical schemes to decompose in basic gates
[14].

A. Jordan-Wigner circuit

The Jordan-Wigner transformation maps the spin
states to a fermionic spinless mode. In terms of the wave
function,

|Ψ⟩ =
∑

i1,...,in=0,1

Ψi1,...,in |i1, ..., in⟩ =

=
∑

i1,...,in=0,1

Ψi1,...,in

(
c†1

)i1
· · ·
(
c†n
)in |0⟩ , (11)

where ij represent the state i of the qubit at position j,
with j going from 1 to the number of qubits n. In spin
and fermionic space, the i can take values 0 or 1. In spin
space, |0⟩ = |+⟩ and |1⟩ = |−⟩, while in fermionic space

|1⟩j
(
|0⟩j

)
means the j-th position is (not) occupied by

a fermion.

The relevant point is that the coefficients Ψi1,...,in do
not change after the transformation. Therefore, theoreti-
cally, no gate is necessary to perform the Jordan-Wigner
transformation. However, two subtleties are worth com-
menting on.

The first one becomes relevant when two-qubit states
are exchanged through a SWAP operation. Since we are
working with fermions, introducing a minus sign is nec-
essary when two states are, such as the state |11⟩. This
adjustment is achieved through the fermionic SWAP op-
eration (fSWAP).

The second issue corresponds to a notational problem.
In conventional terms, spin states are denoted |+⟩ = |0⟩,
while in n-body systems the vacuum state is written as
|0⟩, or sometimes, |Ω⟩. As Jordan-Wigner maps |−⟩ into
|Ω⟩, it has been decided to introduce an X gate to pre-
serve vector notation and mitigate confusion. Conse-
quently, the initial circuit ensemble will consist of a layer
of X gates applied to each qubit.

B. Fourier transform circuit

The next step is to get the fermionic modes to mo-
mentum space by applying the Fourier transform (FT).
For cases where the number of particles is n = 2m, the
fermionic Fourier transform can be implemented by fol-
lowing the scheme of the classical Fast Fourier Transform
[15]. The idea is to decompose the n-qubit FT in two par-
allel n

2 -qubit FT, one acting upon odd and even modes
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Ph(ϕk) H H H H H

RX(−θk)

X X

FIG. 1: The upper diagram shows the decomposition of the
building block of Fn

k shown in Eq.(13), where ϕk = −i2πk
n

.
The lower diagram shows the decomposition of the build-
ing block of Bn

k shown in Eq.(14), where θk is defined below
Eq.(7).

respectively:

n−1∑
j=0

ei
2π
n jkcj =

n/2−1∑
j′=0

ei
2π
n/2

j′kc2j′ + ei
2πk
n ei

2π
n/2

j′kc2j′+1.

(12)
This approach is detailed in Ref.[16]. In our case, the
gate that implements such transformation is:

Fn
k ≡



1 0 0 0

0 −e−i 2π
n

k

2
1√
2

0

0 e−i 2π
n

k
√
2

1√
2

0

0 0 0 −e−i 2π
n k


, (13)

where k is the momentum mode. The basic gate decom-
position of Fn

k is shown in Fig.1.

C. Bogoliubov transformation circuit

The Bogoliubov transformation described in Eq.(7)
mixes creation and annihilation operators from k and −k
Fourier modes. Consequently, the vacuum changes after
being implemented the Bogoliubov transformation. The
new vacuum can be found in terms of the Fourier basis
imposing ak |Ω′⟩ = a−k |Ω′⟩ = 0. Once the new vacuum
is obtained, the remaining vectors can be derived by ap-

plying the creation operators a†k and a†−k. The outcome
of this process is a two-qubit gate, which is of the form

Bn
k ≡


cos
(
θk
2

)
0 0 i sin

(
θk
2

)
0 1 0 0
0 0 1 0

i sin
(
θk
2

)
0 0 cos

(
θk
2

)
 , (14)

with θk is described below Eq.(7). The basic gate decom-
position of Bn

k is shown in Fig.1.

IV. SIMULATION FOR n = 4 AND n = 8 SPIN
CHAIN

The explicit circuit Udis for spin chains with n = 4
and n = 8 is illustrated in Fig.2, Fig.3, and Fig.4. As an
example of the many applications facilitated by Udis, we
have performed simulations to evaluate the ground state
and first excited state energies for different values of λ
in the symmetric XY model (J = 1 and γ = 0) for spin
chains of n = 4 and n = 8. Computing the energy of the
ground and the first excited state enables us to observe
the quantum phase transition from an antiferromagnetic
to a paramagnetic state.

For the case n = 4, the ground and the first excited
state written in the diagonal basis are

|g⟩ =
{|0100⟩
|0000⟩

|e⟩ =
{|0000⟩ λ ≤ 1,

|0100⟩ λ > 1.
(15)

For the case n = 8, the ground and the first excited state
are

|gs⟩ =
{|010 · · · 0⟩
|000 · · · 0⟩

|e⟩ =
{|000 · · · 0⟩ , λ ≤ 1,

|010 · · · 0⟩ , λ > 1.
(16)

Additionally, we have simulated the ground state for
different values of λ in the transverse field Ising model
(J = 1 and γ = 1) for the n = 4 spin chain. As it is
one of the few physical observables that allows us to ob-
serve the phase transition between antiferromagnetic to
paramagnetic ground state, the corresponding transverse
magnetization has been computed. Analytically, taking
into account that ⟨Mz⟩ =

∑n
i=1 ⟨σz

i ⟩ we get that

⟨gs|Mz|gs⟩ =

{
− λ

2
√
1+λ2

, λ ≤ 1,

− 1
2 − λ

2
√
1+λ2

, λ ≥ 1.
(17)

V. TIME EVOLUTION

The disentangling circuit Udis designed for the 1-D XY
model allows us to investigate the entire Hamiltonian
spectrum with a simple application to the computational
basis. This facilitates the computation of various system
properties, including the expectation values of energy and
magnetization. Nevertheless, there are situations where
one is interested in studying dynamic properties. In such
cases, we need to calculate the time evolution of the state,
which can be a challenging task. However, a quantum cir-
cuit can be constructed to achieve exact time evolution
for fermionic Hamiltonians that can be decomposed as
the sum of the energies of each particle independently,i.e.

H =

N∑
α=1

ϵαa
†
αaα, (18)
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FIG. 2: Quantum circuit Udis designed to diagonalize the XY
Hamiltonian for n = 4 qubits. The initial layer consists of X
gates, executing the Jordan-Wigner transformation. Subse-
quently, F2 and Fn

k implement the fermionic Fourier Trans-
form. The circuit concludes with the Bogoliubov transforma-
tion achieved by Bn

k . The SWAPs represented in the diagram
correspond to fermionic SWAPs.

X

fFT8

B8
0

X

X
B8

1

X

X
B8

2

X

X
B8

3

X

FIG. 3: Quantum circuit Udis designed to diagonalize the XY
Hamiltonian for n = 8 qubits. The initial layer consists of X
gates, executing the Jordan-Wigner transformation. Subse-
quently, the fermionic Fourier Transform is applied by the
circuit fFT8, described in Fig.4. The circuit concludes with
the Bogoliubov transformation achieved by Bn

k . The SWAPs
represented in the diagram correspond to fermionic SWAPs.

where ϵα is the energy associated with having a parti-
cle in the state α, and a†α (aα) is the fermionic creation
(annihilation) operator of the particle in the given state.
For these Hamiltonians, the general time evolution op-
erator U (t) can be decomposed into a tensor product of
the time evolution operator for each qubit. To illustrate
this, let us express the general time evolution of a state
|ψ (t)⟩ driven by a non-time-dependent Hamiltonian H.
The time evolution in natural units is given by the

unitary time-evolution operator

U (t) ≡ e−itH,

|ψ (t)⟩ =
∑
l

e−itEl |El⟩ ⟨El| |ψ0⟩ , (19)

where |ψ0⟩ is the initial state, |El⟩ are the eigenstates

of the given Hamiltonian, and El are the corresponding
energies or eigenvalues of each state |El⟩.
Due to the decomposable form of Hamiltonian in

Eq.(18), eigenstates can be expressed as a product state
of N states, each representing the presence or absence of
a fermion in the αi state:

|EL⟩ = |α1⟩ · · · |αN ⟩ , (20)

where |αi⟩ can be represented by the qubits |0⟩ or |1⟩.
Consequently, the action of the time evolution operator
becomes

e−itEl |α1⟩ · · · |αN ⟩ = e−it
∑N

α1
ϵαa†

αaα |α1⟩ · · · |αN ⟩ .
(21)

Hence, the time evolution can be reinterpreted as

U1 |α1⟩ · · · Un |αN ⟩ , (22)

where Ui is the time evolution operator for the ith qubit.

A. Time evolution circuit for the XY model

The procedure described above tells us that, to con-
struct the time evolution circuit, we just need to perform
the time evolution for each qubit independently. Specif-
ically, for the XY 1-D model, the time evolution for the
qubit representing a fermionic particle with momentum
k is

Uk = e−it2Eka
†
kake−it[−Ek+ϵk−λ] = U1U2. (23)

The unitary operators U1 and U2 can be written in matrix
form as

U1 ≡
(
1 0
0 eiφk

)
,

U2 ≡
(
ei2Φk 0
0 ei2Φk

)
,

(24)

where φk ≡ −2tEk, and Φk ≡ −2t [−Ek + ϵk − λ]. The
gate decomposition of Uk is shown in Fig.5.
As an example of the many possibilities this gate

opens, let us compute the time evolution transverse mag-
netization expected value for the n = 4 qubits case, with
J = 1, γ = 1, and λ = 0.5. Specifically, our initial
state has all the spins aligned in the positive z direction,
|ψ(t = 0)⟩ = |↑ ↑ ↑ ↑⟩, which in the computational basis
can be written as |0000⟩. The first step to compute the
time evolution consists in expressing the initial state in
the eigenbasis of the XY Hamiltonian. This is achieved
by applying the Udis gate to the initial state, obtaining
that

|ψ0⟩ = sin

(
ϕ

2

)
|1100⟩ − i cos

(
ϕ

2

)
|1111⟩ , (25)
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fFT8
=

F2 F 4
0 F 8

0

F2 F 4
1 F 8

1

F2 F 4
0 F 8

2

F2 F 4
1 F 8

3

FIG. 4: Fermionic Fourier Transform circuit for the case n = 8. The SWAPs represented in the diagram correspond to
fermionic SWAPs.

Ph(φk) Ph(Φk
2
) X Ph(Φk

2
) X

FIG. 5: In the diagram is shown the decomposition of the
building block of Uk shown in Eq.(24), where φk = −2tEk,
and Φk = −2t [−Ek + ϵk − λ].

where ϕ = arctg
(
1
λ

)
. Subsequently, we apply the time

evolution operator U(t) to obtain |ψ(t)⟩. Then, the time-
dependent state is

|ψ(t)⟩ = e+i4t
√
1+λ2

sin

(
ϕ

2

)
|1100⟩ − i cos

(
ϕ

2

)
|1111⟩ ,

(26)
where we have excluded the global phases from the result
because they are not physically relevant. Lastly, we apply
the circuit U† to obtain the state in the spin represen-
tation. We can now compute analytically the expected
value of the transverse magnetization, ⟨Mz⟩, which yields
the result

⟨Mz⟩ =
1 + 2λ2 + cos

(
4t
√
1 + λ2

)
2 + 2λ2

. (27)

VI. RESULTS AND DISCUSSION

In this section, we delve into the outcomes and insights
derived from the application of our quantum circuit, Udis,
across various scenarios. All the simulations for the spin
chain n = 4 and n = 8 have been performed using the
circuits represented in Figs. 2, 3, and 4.

Figure 6 presents the outcomes of the expected energy
for the ground and first excited states in the symmetric
XY model for spin chains with n = 4 and n = 8. Given
the nature of quantum simulations, subject to inherent
probabilistic uncertainties, each data point carries a sta-
tistical error proportional to 1√

N
, where N represents the

number of shots, indicating the executions on a quantum
processing unit (QPU). For our simulations, N was set
to 1000. The results show the circuit’s effectiveness in
recovering analytical values for both cases. Moreover, a
structural change in the ground state can be observed at
λ = 1, where in the Bogoulibov basis the stablest state
becomes the vacuum state ( |0 · · · 0⟩ state) instead of
having a fermion in the −k mode (|010 · · · 0⟩ state) .

For the transverse field Ising model in the n = 4 spin
chain, the results of the ground state’s expected value of
transverse magnetization ⟨Mz⟩ are shown in Fig. 7. The
circuit successfully reproduces analytical values, and at
λ = 1, a discontinuity appears due to a phase transition
from an antiferromagnetic to a paramagnetic state.

We have also used the transverse field Ising model to
explore the time evolution of the expected value of trans-
verse magnetization ⟨Mz(t)⟩. The quantum circuit U(t)
is employed to evolve the initial state |↑, ↑, ↑, ↑⟩ with the
magnetic field strength fixed at λ = 0.5. Then, we use

U†
dis to obtain the evolved spin state. The results are

represented in Fig.8, showing satisfactory agreement be-
tween the quantum simulation and analytical values.

Despite the successful validation of the circuit, further
analysis is required to assess its scalability and circuit
depth as the number of qubits grows. As the Jordan-
Wigner transformation is a simple layer ofX gate, it esca-
lates linearly with the number of qubits and the depth is
constant. Similarly, the Bogoulibov transformation also
presents a constant depth and the number of gates esca-
lates proportionally to ∼ n

2 , where n represents the num-
ber of qubits. On the contrary, in Ref.[16], it is shown
that the circuit depth of the Fourier transforms follows
a logarithmic scaling of ∼ log2(n), with the number of
gates increasing as ∼ n log2(n). Finally, the time evolu-
tion circuit scales linearly with the number of qubits n
and presents a constant depth.
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FIG. 6: Study of the ground and first excited state energy
for the symmetric XY model as a function of the transverse
field strength parameter λ. The upper image displays the
results for a n = 4 spin chain, while the lower one illustrates
the results for the case n = 8. The solid lines represent the
analytical values of the energy E, while the scatter points
correspond to the results obtained from a quantum computer
simulation conducted in Qibo, utilizing the quantum circuit
Udis.

VII. CONCLUSION

This paper presents a comprehensive implementation
of the exact simulation of a 1-D XY spin chain on a digi-
tal quantum computer, simulated with the Qibo software.
Our approach encompasses the entire steps of the ana-
lytical solution for this exactly solvable model, involving
key transformations such as the Jordan-Wigner trans-
formation, fermionic Fourier transform, and Bogoliubov
transformation. We have also developed an algorithm
to construct an efficient quantum circuit for powers of
two qubits, capable of diagonalizing the XY Hamiltonian
and executing its exact time evolution. Therefore, this
circuit can be used to determine all the eigenstate vec-
tors and it enables access to the complete energy spec-
trum, providing novel approaches for exploring various
system properties, including energy, magnetization, and
time evolution.

The quantum circuit developed in this paper serves as
a benchmark for quantum computing devices. It presents
efficient scalability with the number of qubits n, making
it suitable to be used in devices of diverse sizes. Fur-
thermore, the 1-D XY model’s exact solvability not only
allows us to test the efficiency of real quantum comput-

FIG. 7: The ground state’s expected value of transverse mag-
netization ⟨Mz⟩ for the transverse field Ising model (J = 1
and γ = 1) in a spin chain with n = 4 as a function of the
transverse field strength parameter λ. The solid line repre-
sents the analytical value of ⟨Mz⟩, while the scatter points
correspond to the results obtained from a quantum computer
simulation conducted in Qibo, utilizing the quantum circuit
Udis.

FIG. 8: Time evolution simulation of transverse magnetiza-
tion ⟨Mz⟩ for the transverse field Ising model (J = 1 and
γ = 1) in a spin chain with n = 4. The solid line repre-
sents the analytical value of ⟨Mz⟩, while the scatter points
correspond to the results obtained from a quantum computer
simulation conducted in Qibo, utilizing the quantum circuits
Udis and U(t).

ers but also offers an avenue to study and model errors
inherent in quantum computations, establishing a bridge
between theoretical predictions and real-world outcomes.
Beyond its utility as a benchmark, the presented quan-

tum circuit holds intriguing applications in condensed
matter physics. The methods highlighted in this work
can be extended to explore other integrable models, such
as the Kitaev Honeycomb model [10], or with alternative
ansatz, as seen in the Heisenberg model [11]. Addition-
ally, there is potential to employ different strategies for
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simulating thermal evolution [7] and it could open new
paths to study quantum phase transition.

In conclusion, this paper contributes to the advance-
ment of quantum computing algorithms and establishes
a foundation for exploring quantum solutions to complex
problems in condensed matter physics.
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